Toward high efficiency of inverted organic solar cells: Concurrent improvement in optical and electrical properties of electron transport layers Organic solar cells (OSCs) have been considered as a great promising technology to convert solar power to electricity due to ambient, large-scale, solution-based, and lowtemperature fabrication, low production cost, and potentially high power conversion efficiency (g). 1, 2 In addition to lightharvesting characteristics, [3] [4] [5] the g of a solar cell is dominated by the rates of exciton diffusion/dissociation and charge transport/collection. Accordingly, the concept of donor-acceptor bulk heterojunction that consists of a 3D interpenetrating network of conjugated polymers and fullerene derivatives has been demonstrated with possessing sub-20 nm phase distribution of donors and acceptors. 3, [6] [7] [8] [9] [10] Typically, the device structure of conventional OSCs is an active layer (electron donor/acceptor) sandwiched by a lowwork-function metal, e.g., Al as a cathode and poly (3,4-ethylenedioxylenethiophene) :polystyrene sulfonic acid (PEDOT:PSS) on indium tin oxide (ITO) glasses as an anode. However, the PEDOT:PSS film adjacent to ITO glasses leads to indium cation diffusion to contaminate the active layer, thus degrading OSC performance rapidly. 11 Alternatively, the design of an inverted device structure in which the carrier-collection nature of electrodes is reversed with adopting a high-work-function metal as the anode and an ITO electrode as the cathode has alleviated this degradation. [12] [13] [14] [15] On the other hand, two photovoltaic (PV) terms, fill factor (FF) and short-circuit photocurrent density (J SC ), suffer with these inverted device architectures, causing unsatisfactory g. Moreover, it has been known that since the work function of ITO, the cathode of inverted OSCs, is not aligned properly with the lowest unoccupied molecular orbital (LUMO) of fullerenes, the incorporation of electron transporting layers (ETLs) can modify the ITO surface potential to decrease work function for efficiently collecting electrons. The ETL would promote J SC and open-circuit photovoltage (V OC ), but FF of inverted OSCs could not be as high as those of conventional OSCs, preventing the evolution of OSCs from striding toward the next major milestone, g ! 10%.
For improving the PV characteristics of inverted OSCs, many groups have been attempting to optimize morphologies and electronic structures of active materials by advanced processing methods for intensive optical absorption and efficient charge separation. Recently, a few studies have focused on the improvement of optical transmission and charge collection via advancing ETLs. Surprisingly the efficiency of 9% has been obtained with an inverted OSCs, where a conjugated polymer, poly [(9,9-bis(3 0 -(N,N-dimethylamino)propyl) À2,7-fluorene)-altÀ2,7À(9,9-dioctylfluorene)] (PFN), is used as the ETLs, and a blend of [6, 6] -phenyl C71-butyric acid methyl ester (PC71BM) and the low-bandgap semiconducting polymer thieno [3,4-b] thiophene/benzodithiophene (PTB7) is used as the photoactive layer. 16 In addition to organic ETLs, developing inorganic ETLS is also an important topic due to their stability. Much endeavor in metal oxidebased ETLs has been carried out to further improve PV characteristics of OSCs.
ZnO is also one of the most popular ETLs which enable the unipolar extraction of photogenerated electrons from active layers to ITO electrodes, [17] [18] [19] since ZnO is a promising semiconductor inorganic material for designing nanoscale electronic and optoelectronic devices due to its distinguishing structure, electronic, and optical properties. [19] [20] [21] [22] It was reported that the electrical contact between ZnO and metal cathodes can be improved by interfacial modification with a series of carboxylic acid-based dipolar self-assembled monolayers, leading to dramatic improvements in PV characteristics. 23 Yip et al. reported that the ZnO/P3HT interface after molecular modification can play the role of assisting charge separation and reducing back recombination. 24 However, the introduction of additional interface materials might increase the difficulty in the fabrication and reduce the sunlight incident into an active layer, both of which could become obstacles towards high efficiencies.
It has been reported that Al substitution in ZnO crystal lattice not only decreases the electrical resistivity but also increases the optical bandgap, 25, 26 contributed by the up-shift of Fermi level. In this paper, bulk heterojunction and inverted OSCs with the addition of Al-doped ZnO (AZO) thin films as an ETL by multiple spincoating with solution precursors and subsequent postannealing (see details in supplementary material 27 ) have been fabricated, characterized, and studied. Owing to decreased resistivity of ETLs and reduction in band offset between ETLs and PCBM, efficient electron injection from PCBM to ITO through AZO ETLs is observed. Moreover, increased bandgaps of AZO films and enhanced absorption of P3HT by improving the molecular ordering of P3HT at the interface between AZO and P3HT:PCBM because the substrate effect facilitates more efficient photon absorption in active layers. The concurrent improvements in electrical and optical properties of AZO films adopted in ITO/AZO/ P3HT:PCBM/PEDOT:PSS/Ag devices effectively increases J SC from 10.73 to 11.12 mA cm À2 and FF from 53.7% to 60.8%, finally resulting in the highest overall g of 3.78% at 6 mol. % of Al in ZnO. This conception shows the guidance on the device architecture in OSCs from optics and electronics aspects.
Detailed experimental procedures and measurements can be found in supplementary material. 27 It is of importance to take the band offset into consideration for adopting an n-type semiconductor as an ETL combined with an active layer of PCBM:P3HT in inverted OSCs. First, for investigating the dopant concentration dependence of optical bandgap, the AZO films with various molar ratios of Zn and Al were synthesized on quartz substrates using a sol-gel process and characterized by measuring transmittance spectra. Electrondonating atoms doped in a n-type semiconductor produce a high carrier concentration which gives rise to more filled electronic states accumulating from the conduction band edge (E C ) up to the Fermi level E F (¼E F0 þ DE, E F0 is the intrinsic Fermi level and DE is the potential difference), creating a degenerated n-type semiconductor with E F energetically higher than E C , as shown in Figure 1(a) . Owing to the filled energy states between E C and E F , electrons staying in the valence band edge (E V ) require the energies greater than the nominal bandgap (i.e., !E F -E V ) to be optically excited into the conduction band. The effective optical bandgap can be estimated from the extrapolation of the linear section of (ah) 2 curves using the formula
where a is the absorption coefficient, h is the photon energy, A is a constant related to refractive index and electron and the hole effective masses, and E g is the effective optical bandgap. The absorption coefficient (a) can be obtained from the transmittance measurement by adopting Lambert's law a ¼ ð1=tÞlnð1=TÞ;
where T is the transmittance and t is the film thickness. On the basis of the above equations, the optical bandgaps of AZO films can be obtained experimentally. It should be noticed that the molar ratio of Al is signed as the molar ratio of precursors, aluminum nitrate (Al(NO 3 ) 3 Á9H 2 O) to zinc acetate ((Zn(CH 3 CO 2 ) 2 Á2H 2 O)). Figures 1(b) and 1(c) display the evaluation of the (ah) 2 curves of AZO films and the Al molar ratio dependence of the corresponding E g values, respectively. E g evaluated by the extrapolation in Figure  1 (b) increases from 3.27 to 3.38 eV with molar ratio of Al. The hypsochromic shift (DE ¼ 0.11 eV) obtained here is consistent with the Burstein-Moss effect. 28 Such the alterable E g is expected to be eligible to optimize band offset between an ETL and an active layer, which will be demonstrated later.
The Hall measurement has been conducted to study the electrical properties of AZO films (carrier concentration, mobility, and resistivity) to investigate the Al substitution for Zn. As shown in Figures 2(a)-2(c) than that of Zn 2þ , the excess Al 3þ may occupy the interstitial locations. Both of aforementioned substitutional donors and interstitials can distort ZnO lattices due to ion radius mismatch, giving rise to charge carrier scattering and thus degradation of carrier mobility. 30 In addition, when the Al doping level is high during AZO film formation, the aluminum oxide may start to segregate as the barrier for carrier transport. Accordingly, the carrier mobility is decreased with Al molar ratio, as shown in Figure 2(b) . The combination of Al molar ratio-dependent carrier concentration and mobility trends gives rise to the resistivity minimum when the Al molar ratio is 2 mol. %, as shown in Figure 2(c) .
To observe the effect of electronic properties of AZO ETLs on PV characteristics of the OSCs, the inverted cells with the structure of ITO/AZO/P3HT:PCBM/PEDOT:PSS/ Ag were prepared, as shown in Figure 3(a) , and the corresponding energy band diagram is illustrated in Figure 3(b) . The photocurrent density-voltage (J-V) characteristics of these OSCs with AZO films with a variety of Al molar ratios under one-sun air mass 1.5 global (AM 1.5G) illumination (100 mW cm À2 ) are plotted in Figure 4 (a). The Al molar ratio dependences of J SC , V OC , FF, and g are plotted in Figures  4(b) and 4(c) and summarized in Table I , revealing that the characteristics of OSCs are related to Al incorporation, especially for FF and J SC . The V OC maintains almost a constant ($0.58 V) in the all ranges of Al molar ratio because the AZO film has no influence on the V OC , which is governed by the energy levels of P3HT and PCBM due to a majority of excitons dissociated at the interface between P3HT and PCBM. On the other hand, the J SC at 2-3 mol. % of Al reaches the maximum, which is attributed to both of low resistivity and increased bandgap of AZO films. However, at 9 mol. % of Al, the mobility goes down and the resistivity goes up, so the J SC decreases. In addition to J SC , there is a large progress on the FF improvement from 53.7% to 60.8% (the increment of 13%) which can be ascribed to the reduction in the energy level difference between the LUMO of PCBM and the E F of AZO ETLs since the E F of AZO films is up-shifted due to Al incorporation, leading to the energetically favorable electron transport from electron acceptors to ETLs. It has been reported that the improvement in the FF can be achieved by the precise control on bulk heterojunction engineering, which relies on complicate synthesis and process. In contrast, we demonstrate a straightforward, simple concept to improve the FF via Al incorporation into ZnO ETLs. In the concentration of Al from 6% to 9% the FF increases while the J sc decreases, leading to the best overall PV performance; considering all factors, the OSCs at 6 mol. % of Al exhibits the highest g of 3.78% when the device with a pristine ZnO film shows the g of 3.32%.
It is well-known that the lamella-type stacking of side alkyl chains and the stacking of thiophenes among P3HT greatly depend on the surface energy/chemistry of substrates and affect the electrical properties of P3HT. 31 Moreover, the improved ordering of P3HT can reflect itself on the appearance of absorption shoulders in the UV-visible absorption spectra. 32, 33 Hence, UV-visible absorption measurements were utilized to investigate the interface morphology of P3HT layers adjacent to the AZO films for understanding the substrate effect of AZO films by monitoring the intensity ratios of the shoulders (550 and 600 nm) to main absorption band (520 nm) of P3HT layers. P3HT layers on AZO films were annealed at 140 C for 10 min under ambient nitrogen inside a glove box (the same thermal treatment applied for the fabrication of OSCs) before the optical measurements. As shown in Figure 5 , the normalized absorption spectra indicate that the relative absorption intensities of shoulder bands at 550 and 600 nm increase as Al concentration is increased. This result leads us to conclude that the ordering of annealed P3HT can be enhanced by the surface of AZO films in comparison with P3HT on a pristine ZnO film. This substrate effect suspectedly has a positive impact on J SC and FF.
3 Moreover, the polymer spin-coating is greatly influenced by the wettability, which is an important character of a solid surface. It is strongly affected by both chemical composition and geometrical structure of the solid surface. It also has been reported that the doping of Al could lead to the morphology change of the ZnO films due to the fact that crystal sizes are increased with Al incorporation. 34 Accordingly, more careful experimental designs are needed to clarify if chemical composition or geometrical structure of AZO films is dominant factor to this substrate effect.
In summary, incorporating Al into the ZnO ETLs in OSCs boosts J SC up to 11.12 mA cm À2 and promotes FF from 53.7% to 60.8%, leading to the highest g of 3.78% at 6 mol. % of Al in ITO/AZO/P3HT:PCBM/PEDOT:PSS/Ag devices. This is because the AZO films via Al doping exhibit tunable optical bandgaps (optimizing band alignment at the interface between organic active layer and ETL) and superior electrical properties (increased carrier concentration and conductivity) and enhance the absorption of P3HT by promoting the ordering of P3HT on AZO substrates. Such a concurrent improvement in electrical and optical properties of AZO films has not been achievable in other material systems. This study provides the insights into the device design optimization for OSCs. 
